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To investigate the conformational changes in human tetrameric (ab)2 hemoglobin upon binding of
the ﬁrst two ligands, we have measured the kinetics of reactions between 4,40-dithiodipyridine and
b93Cys sulfhydryl groups of four diliganded hemoglobins by using CO-bound Fe(II)–Ni(II) hybrids
with and without b-b cross-linking. The data show that all the diliganded intermediates have high
sulfhydryl reactivities, which are greater than or equal to that for the fully-liganded end state, espe-
cially when containing liganded a subunit(s). The results also reveal that both the asymmetrically
(a1b1 and a1b2) diliganded species show similar high rates of sulfhydryl reactivity and biphasic
kinetics, suggesting a new conformation but only slight functional distortion caused by asymmetric
ligation.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Symmetric assemblies of oligomeric allosteric proteins are
thought to play an important role in their regulatory function [1].
The idea formalized in the 1960s by Monod et al. [2], that the qua-
ternary structures of allosteric oligomers switch between the T
(tense) and R (relaxed) states in a concerted manner to preserve
their symmetry (including the symmetry of the conformational
constrains imposed upon each subunit), continues to provide the
simplest framework for analyzing allosteric effects in proteins.
The classic example used to support this idea is hemoglobin. The
early crystallographic studies showed that the heterotetrameric
hemoglobin molecule is arranged as a dimer of identical ab dimers,
(ab)2, possessing two-fold symmetry [3]. This was true for both thechemical Societies. Published by E
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[4–6]. Thus, it is generally assumed that two ab dimers may act
in concert to maintain the structural and functional symmetry of
the tetramer. However, this assumption of dimer synchrony has
not yet been veriﬁed for asymmetrically, partially-liganded tetra-
mers that are inevitably formed in the course of ligand-binding
to hemoglobin (Fig. 1). A large part of the experimental difﬁculty
comes from the instability of intermediates, and also from dimer
exchange that results in disproportionation of the asymmetric
intermediates.
Previously, Ackers and colleagues [7] have partly circumvented
this problem by measuring the dimer-tetramer equilibrium con-
stants for asymmetric deoxy-cyanomet [Fe(II)/Fe(III)–CN] hybrid
species in the presence of the symmetric parental species. They
found that ligation or modiﬁcation (e.g., removal of a141Arg) to
a single dimer induces a localized intradimeric response, rather
than a cross-dimer quaternary response, leading to a strong sym-
metry breaking in the tetramer [7,8]. However, the observed asym-
metric effect has been controversial due to systematic errors
caused by valency exchange (electron transfer) among the deoxy-
cyanomet hybrid mixtures [9,10].
To clarify the situation, it is important to make the experiment
as simple as possible by eliminating complexities such as the exis-
tence of multiple tetramers as well as dimers. We present here a
conceptually simple experiment that can quantify symmetry devi-
ations in asymmetrically diliganded hemoglobin tetramers in
isolation.lsevier B.V. All rights reserved.
Fig. 1. The ligand-binding pathways from deoxyhemoglobin (the leftmost) to fully-liganded hemoglobin (the rightmost) via eight partially-liganded species, two of which are
symmetric with respect to the dyad axis and the other six are asymmetric. In our experimental system (enclosed by the dotted line), the Ni(II)-containing subunits (shown in
gray) are always unliganded while the counterpart Fe(II)-containing subunits (shown in white) enable to bind ligand, L. Dimerization is prevented by a fumaryl cross-link
between the two b subunits. Two reactive sulfhydryl groups of b93Cys are shown as SH.
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2.1. Sample preparation
Human adult hemoglobin was prepared as previously described
[11]. Bis(3,5-dibromosalicyl)fumarate was synthesized according
to Walder et al. [12] and recrystallized twice from ethanol.
Cross-linking between two b82Lys of human hemoglobin was car-
ried out by reacting carbonmonoxyhemoglobin with a stoichiome-
tric amount of bis(3,5-dibromosalicyl)fumarate [12]. Unmodiﬁed
hemoglobin and cross-linked impurities were removed by using
the published puriﬁcation procedures [11]. Symmetric Fe(II)–Ni(II)
hybrids, [a(Fe-CO)b(Ni)]2 and [a(Ni)b(Fe-CO)]2, were prepared as
previously reported [13,14]. Cross-linking of both symmetric
Fe(II)–Ni(II) hybrids and the subsequent puriﬁcation were carried
out as reported previously [15]. One of asymmetric Fe(II)–Ni(II) hy-
brids, XL[a(Fe-CO)b(Fe-CO)][a(Ni)b(Ni)], was prepared by a meth-
od described previously [16]. The other asymmetric hybrid,
XL[a(Fe-CO)b(Ni)][a(Ni)b(Fe-CO)], was prepared by a similar
method but using different parents as previously reported [15].
2.2. Kinetic measurements and analysis
The kinetics of reactions between 4,40-dithiodipyridine (4-PDS)
and the a93Cys sulfhydryl groups in hemoglobin samples were
monitored spectrophotometrically at 324 nm as the appearance
of 4-thiopydridone, using a Hitachi U-3210 spectrophotometer or
a JASCO V-560 spectrophotometer equipped with a Peltier element
for temperature control. Sealable rectangular quartz cuvettes (with
10 mm path length) with and without a tonometer were used for
deoxy and CO-bound samples, respectively [17]. Reactions were
initiated by manual mixing of 2.9 ml of the protein solution with
0.1 ml of 4-PDS solution. The ﬁnal concentrations of b93Cys and
4-PDS were 15–25 lM and 336 lM, respectively, for cross-linked
hemoglobins, and 15–20 lM and 250 lM, respectively, for un-
cross-linked hemoglobins. All measurements were carried out in50 mM Tris–HCl buffer, pH 7.4, in the presence of 0.1 M Cl with
and without IHP (2 mM) at 25 C. Visible absorption spectra were
recorded before and after the 4-PDS kinetics to check the met
hemoglobin contents. In all cases, the methemoglobin contents
after the kinetics measurements were less than 10%. Since all the
experiments were performed under pseudo ﬁrst-order conditions,
the kinetics were ﬁtted to a single exponential:
f ðtÞ ¼ a0  a1 expðk1tÞ
or the sum of two exponentials as below:
f ðtÞ ¼ a0  a1 expðk1tÞ  a2 expðk2tÞ3. Results and discussion
We have characterized all four diliganded hemoglobins by using
cross-linked, CO-bound Fe(II)–Ni(II) hybrids; namely, XL[a(Fe-
CO)b(Ni)]2, XL[a(Fe-CO)b(Fe-CO)][a(Ni)b(Ni)], XL[a(Fe-CO)
b(Ni)][a(Ni)b(Fe-CO)] and XL[a(Ni)b(Fe-CO)]2, carrying CO-bound
Fe(II)-heme in two subunits and Ni(II)-heme, a surrogate for deoxy
Fe(II)-heme, in the other two subunits (see Fig. 1). To prevent
dimerization, we have introduced a fumaryl cross-link between
the two b82Lys residues located symmetrically in the central cav-
ity of hemoglobin [11,18]. It has been already demonstrated that
Ni(II)-heme is an excellent model for deoxy Fe(II)-heme [13–16],
and that the oxygen equilibrium properties of b-b fumaryl cross-
linked hemoglobin are virtually identical to those of unmodiﬁed
hemoglobin with respect to oxygen afﬁnity, cooperativity, and
the alkaline Bohr effect [11], despite the lack of response to organic
phosphate due to the occupancy of the 2,3-diphosphoglycerate
(DPG) binding site by the fumaryl group [18]. In this study, to as-
sess the effects of organic phosphate, we have further character-
ized uncross-linked symmetric hybrids, [a(Fe-CO)b(Ni)]2 and
[a(Ni)b(Fe-CO)]2, in the absence and presence of IHP.
Fig. 2A and B show the kinetics of reactions between 4-PDS and
b93Cys sulfhydryl groups in diliganded CO-bound hybrids, with
Fig. 2. Comparison of 4-PDS kinetic traces for (A) cross-linked hemoglobins,
XL[a(Fe-CO)b(Fe-CO)][a(Ni)b(Ni)] (red), XL[a(Fe-CO)b(Ni)][a(Ni)b(Fe-CO)] (blue),
XL[a(Fe-CO)b(Ni)]2 (green), XL[a(Ni)b(Fe-CO)]2 (orange), fully CO-bound XLHb
(black solid line) and deoxy XLHb (black dashed line), and for (B) uncross-linked
hemoglobins, [a(Fe-CO)b(Ni)]2 (green), [a(Ni)b(Fe-CO)]2 (orange), fully CO-bound
hemoglobin (black solid line) and deoxyhemoglobin (black dashed line), under
pseudo ﬁrst-order conditions (with 15–25 lM b93Cys and 336 lM 4-PDS in panel
A; with 15–20 lM b93Cys and 250 lM 4-PDS in panel B), at pH 7.4 in the presence
of 0.1 M Cl at 25 C. In panel A, the lines represent ﬁts to either a single exponential
(for symmetric species) or to the sum of two exponentials (for asymmetric species).
In panel B, all the lines represent ﬁts to a single exponential. Circles and squares
indicate the absence and the presence of IHP (2 mM), respectively. The inset shows
the same data in a longer time scale.
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pH 7.4 in the presence of 0.1 M Cl at 25 C. The kinetic parametersTable 1
Fitting results of reactions between 4-PDS and cross-linked and uncross-linked hemoglob
Liganded subunits Rate constants (M1 s1)
a1b1 60.5 ± 0.7 16.2 ± 0
a1b2 60.7 ± 0.2 15.4 ± 0
a1a2 54.4 ± 0.1 (148 ± 2/3.78 ± 0.07 (+IHP))b
b1b2 15.6 ± 0.1 (31.5 ± 0.2/0.901 ± 0.02 (+IHP))b
a1b1a2b2 22.6 ± 0.2 (35.8 ± 0.2)b
None 1.03 ± 0.01 (1.45 ± 0.01)b
a Data in Fig. 2 and 3 are ﬁtted to either a single exponential or the sum of two expo
b Data on uncross-linked hemoglobin are shown in parentheses for comparison. +IHPfor these hybrids are summarized in Table 1. b93Cys is known to
react 20–30 times more slowly in deoxy than in fully-liganded
CO (or O2) form, and its reactivity has been used as a marker for
the conformational state of hemoglobin [17,19–21]. 4-PDS was
chosen because, unlike p-MB, its reaction rate is proportional to
the 4-PDS concentration in the concentration range used here
(see footnote 2 of ref. 22) and is slow enough to minimize the ef-
fects of kinetic competition with allosteric interconversion. Note
here that the kinetics of the reaction of 4-PDS with the cross-linked
samples are qualitatively similar to the corresponding uncross-
linked ones (Fig. 2A and B), although the rates of the cross-linked
samples are consistently lower than those of the uncross-linked
ones (Table 1).
One of the most interesting results in this study is that in the
absence of IHP all the diliganded hybrids exhibit high reactivities,
which are greater than or equal to that for the fully-liganded end
state, especially when containing liganded a subunit(s). This
ﬁnding is unexpected, since the observed rates listed in Table 1
are signiﬁcantly greater than the expected rate for diliganded
species based on MWC ﬁts to the oxygen equilibrium curve of
hemoglobin A under similar conditions (i.e., 7.56 M1 s1 calcu-
lated from L2 = [T2]/[R2] = 4.61 where L0 = 8.70  104 and c = KT/
KR = 7.28  103 [23]). There are two factors that could contribute
this deviation. The ﬁrst is the structural difference between CO-
bound and O2-bound intermediates. Perrella and Di Cera [24]
showed that the cooperative interaction in the initial two-steps
of CO-binding by hemoglobin (represented by the ratio of the
intrinsic association equilibrium constants for the ﬁrst and second
ligation steps, K2/K1) is signiﬁcantly larger than that of oxygen-
binding (i.e., K2/K1 = 17 vs. 2.8), indicating low L2 value for diligan-
ded CO species. They also showed that, in this CO binding process,
the cooperative interaction constants between the four possible
pairs of chains, ca1a2, cb1b2, ca1b1 and ca1b2 (the ﬁrst two of which
are represented by the ratio of the microscopic association equilib-
rium constants for the ﬁrst and second ligation steps, K2a2/K1a1 and
K2
b2/K1b1, and the latter two are represented by (K2b1/K1a1)Dab and
(K2b2/K1a1)Dab where Dab is the ratio of the association equilibrium
constants for the a and b subunits within deoxyhemoglobin, K1a/
K1
b), increase in the order: cb1b2 (=13) < ca1b1 = ca1b2 (=16) < ca1a2
(=49) [24], which is in accord with the order of the sulfhydryl reac-
tivities of four diliganded intermediates (Fig. 2A). It is important to
note that the observed sulfhydryl reactivity is a weighted average
over the distribution of existing T and R-like conformers (each with
different sulfhydryl reactivity), since diliganded CO-bound hybrids
are in equilibrium between T and R [25] whose interconversion
may be much faster than the 4-PDS reaction [26]. Indeed, as shown
in Fig. 2B, [a(Ni)b(Fe-CO)]2 exhibits a simple exponential decay,
even though an earlier NMR study under similar conditions
showed that [a(Ni)b(Fe–CO)]2 is in an equilibrium containing
comparable amounts of T and R [27].
The second factor is the fact that sulfhydryl reactivity of some
partially liganded intermediates can exceed that of the fully
liganded end state, as previously observed in a study of partiallyins at pH 7.4, in the presence of 0.1 M Cl at 25 C.a
Fraction of fast component Number of exponential functions
.2 0.53 ± 0.01 2





nentials with variable amplitudes.
indicates the presence of IHP (2 mM).
Fig. 3. Reactions between 4-PDS and asymmetrically diliganded hemoglobins,
under pseudo ﬁrst-order conditions (with 19 lM b93Cys and 336 lM 4-PDS), at pH
7.4 in the presence of 0.1 M Cl at 25 C. Kinetic traces for (A) XL[a(Fe-CO)b(Fe-
CO)][a(Ni)b(Ni)] and (B) XL[a(Fe-CO)b(Ni)][a(Ni)b(Fe-CO)]. The dashed lines in red
and blue represent ﬁts to a single exponential, and the solid lines in red and blue
represent ﬁts to the sum of two exponentials with variable amplitudes. The black
solid and dashed lines represent single exponential decay kinetics for fully CO-
bound XLHb and deoxy XLHb, respectively, under the same conditions. The inset
shows the blown up view of the same data in a longer time scale from 200 to 1000 s.
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remarkable example is the reactivity of the a1a2 diliganded
species, which is 2.5–4 times greater than that of fully liganded
form (Table 1). Previous NMR results showed that [a(Fe-CO)b(Ni)]2
is predominantly in an R state in the absence of IHP at pH 7.4,
whereas it adopts a T quaternary structure in the presence of IHP
at pH 7.4 [27]. Thus, the data in Fig. 2B indicate that the reactivity
of the a1a2 diliganded species is signiﬁcantly enhanced in both the
R and T states.
This result also implies that ligand binding to a subunits exerts
a profound effect on the conformation near b93Cys in the b sub-
units even before the major quaternary structural change occurs.
Crystallographic evidence shows that the reactivity of b93Cys in
the T state is suppressed by the salt bridge between b94Asp and
b146His (a major Bohr group), which is broken in the R state [4–
6]. Thus, our current ﬁnding is likely to be related to previous work
on the Bohr effect, where binding of the ﬁrst ligand to a subunitshas a large effect on the release of protons from the Bohr groups
on the b subunits [13,28].
Gibson [29] investigated the kinetics of p-MB reaction with
hemoglobin A during CO binding, and found that the sulfhydryl
reactivity of kinetically generated diliganded species is 10-times
higher than that of the unliganded form but still 10-times lower
than the fully liganded form, implying that only 10% of the dili-
ganded molecules are in the R state. Thus, there is an apparent dis-
crepancy with our results. One possible explanation for this
discrepancy is that, at a short time after CO binding to deoxyhemo-
globin, the conformation of the kinetically generated diliganded
species is not yet in equilibrium, if the T to R transition of diligan-
ded CO-bound species is slower than p-MB binding, as has been ob-
served for valency hybrid hemoglobins [30,31].
Another interesting ﬁnding in this study is that asymmetrically
(a1b1 or a1b2) diliganded species exhibit biphasic kinetics (Fig. 3A
and B), while all other symmetric species exhibit single exponen-
tial kinetics (Fig. 2A and B). In general, the biphasic kinetics of
asymmetric hybrids can be explained by two different mecha-
nisms: Either there are two quaternary conformations, which are
not in rapid equilibrium, or two dimers in asymmetric hybrids
are not structurally equivalent. The former has often been postu-
lated as the origin of the biphasic characteristics of CO binding to
various hybrid hemoglobins [30–32]. However, to explain our re-
sults, the latter mechanism is more plausible because of the fol-
lowing reasons. First, the 4-PDS reaction kinetics (on the order of
minutes) are even much slower than slow (seconds) T-R intercon-
version reported for diliganded species [30,31]. Second, when the
kinetics are ﬁtted to the sum of two exponential with variable
amplitudes, the ﬁtted amplitudes of two kinetic components are
almost the same (Table 1). Third, the rates of the two kinetic com-
ponents, differing by a factor of 3–4, are too close to be considered
as those for the T and R states (Table 1). In addition, we conﬁrmed
that the 4-PDS kinetics of both asymmetric hybrids, when using O2
as the ligand, are still biphasic (Supplementary Fig. S1). Unlike dili-
ganded CO species, diliganded O2 species may reach conforma-
tional equilibrium more rapidly because the dissociation of O2 is
fast enough to allow equilibration through the unliganded form.
Taken together, the observed biphasic kinetics of both asymmetri-
cally (a1b1 and a1b2) diliganded species are most likely to result
from a slight symmetry distortion caused by asymmetric ligation.
The current data do not allow us to distinguish whether the
quickly reacting b subunit in each asymmetric hybrid is liganded
or unliganded one. To address this issue, we plan to carry out fur-
ther investigation of the mono- and tri-liganded intermediates in
the future.
Our results do not support a previously proposed dimer-based
mechanism for cooperativity, i.e., the so-called ‘‘symmetry rule’’
model [7,8,33–35]. According to the ‘‘symmetry rule’’ model, when
two ligands are bound to the same a1b1 dimer the T interface re-
mains essentially intact, and when the two ligands are shared be-
tween the two dimers the T to R transition occurs. If this were the
case, the a1b1 diliganded species would behave like a T state tet-
ramer, while the a1b2 diliganded species would behave like an R
state. However, our data together with previous observations of
CO ligation intermediates [24] show that the properties of both
a1b1 and a1b2 diliganded species are very similar to each other.
In conclusion, we have determined the b93Cys sulfhydryl reac-
tivities of cross-linked and uncross-linked CO-bound Fe(II)–Ni(II)
hybrid hemoglobins toward 4-PDS. Interestingly, all the diliganded
species show high sulfhydryl reactivities, which are greater than or
equal to that for the fully-liganded end state, especially when con-
taining liganded a subunit(s). Our results also reveal that both the
asymmetrically (a1b1 and a1b2) diliganded tetramers are only
slightly distorted from the perfect two-fold symmetry.
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